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S Su um mm ma ar ry y
Over the course of its first one hundred years, the National Institute of Standards and Technology (NIST) has made numerous contributions to advancing the science and practice of analytical chemistry. Contributions to fundamental constants and reference data, such as determination of the Faraday, Avagadro's number, and atomic masses, began at almost the beginning of this institution when it was formed in 1901. Instrumentation development, improvement, and reproducible methods for their use have also been an important part of the NIST effort.
This publication describes what may be the organization's most important and certainly its most unique contribution; namely, certified reference materials. Ultimately these certified reference materials would become known at NIST as standard reference materials (SRMs). This contribution has now been mirrored around the world with reference materials being certified in at least 25 countries and routinely applied in more than twice that number. The result has been more accurate analyses of materials that impact our safety, health, and well-being.
B Ba ac ck kg gr ro ou un nd d
While celebrating the first century of NIST, we must note that the contributions of an organization can only originate within the minds and then hard work of the people of that organization. This is important to remember because in a work as short as this one, it is quite impossible to give fair recognition to the thousands who have produced the contributions. It is those people who are remembered whenever NIST or "the Bureau" are mentioned.
The term Bureau is appropriate to cover the first 87% of the century. In 1901, the agency originated as the National Bureau of Standards (NBS), but had its name abridged to simply Bureau of Standards in 1903. "National" was restored to the name in 1934, to differentiate it from the many state-level bureaus of standards which had been established. There was no further change until 1988, when the current name National Institute of Standards and Technology was received. While the name has changed three times, the character of the place has formed largely around one theme. That theme is to support the development of accurate measurements essential to science and technology. Almost as a corollary, work on the measurements has led to advancements in the technologies themselves.
The mission of the new agency was defined in its "organic act" legislated by the U.S. Congress. While that very brief act makes no specific mention of reference materials, several of its key provisions would provide for their inclusion.
The entire charge to the new agency was found in six provisions:
• custody of the standards; • comparison of the standards used in scientific investigations, engineering, manufacturing, commerce, and educational institutions with the standards adopted by or recognized by the Government; • construction, when necessary, of standards, their multiples and subdivisions; • testing and calibration of standard measuring apparatus; • solution of problems which arise in connection with standards; and, • determination of physical constants and the properties of materials, when such data are of great importance and are not to be obtained of sufficient accuracy elsewhere.
The Bureau could have emerged at no more opportune time. It was the dawn of virtually every technology that we know today -automobiles, airplanes, modern ships and locomotives, steel construction, motion pictures, practical radio, and subsequently, television, space craft, computers, and information technology. In the early days, the Bureau was "right in the middle" of every one of these fields. As we shall see, analytical chemistry had a role in most.
The need to be relevant frequently directed the early work in analytical chemistry to topics where materials simply were not up to the challenging new applications. With these enormous needs in mind, the Congress of the United States gave careful deliberation to the staffing of the new Bureau. Initially, it decided it would not be sufficient to have a director, a physicist and two assistant physicists; a chemist and two assistant chemists also would be allocated. Later, in 1901, the expense of constructing the new laboratory and the scarcity of funds caused the Congress to cancel the two assistant chemist positions. Thus in its first year, the young agency began trade-offs between staff and facilities that last to this day.
A An n U Ur rg ge en nt t N Ne ee ed d
Many of the greatest technical challenges of the early twentieth century were related to materials and their performance. Construction of skyscrapers and suspension bridges would require new and stronger alloys of steel, and better quality control for Portland cement used in concrete. Tungsten alloy performance would become critical to vacuum tubes for lighting and electronics. Copper alloys would figure heavily in wiring for communications and in valves and fittings with nearly endless configurations.
Perhaps the material concerns were nowhere more critical than in the automotive fields. Practical automobiles and aircraft were on the threshold -they needed an array of new materials r a n g i n g from nodular cast irons to high strength aluminum alloys to specialized rubber to carefully tempered glass. New and vastly larger ships were on the drawing boards -they needed new alloys of corrosion resistant steel, monel, bronze, and many other improved materials.
Railroad trains had already increased the speed of overland transport by an order of magnitude, but not without the cost of many lives due to material failures. The first passenger fatality had occurred in 1833, near Heightstown, NJ. Former president John Quincy Adams and Cornelius Vanderbilt were aboard the train, but not injured. Preventing future loss of lives was an urgent need that pressed the Bureau into the new venture of certifying reference materials.
In 1905, the American Foundrymen's Association approached the Bureau to see if it would assume leadership of a new work the Association had recently begun. The Association was trying to solve the problem of rail car derailments due to the fracturing of cast iron wheels. Appropriate alloys had been found and Association research showed that they would cure the problem. However, the chemical laboratories at the various foundries that supplied materials to the railroads could not analyze the materials with sufficiently consistent accuracy to provide ongoing quality assurance. The problem as the foundrymen defined it was to have a source of accurately analyzed materials having compositions at and bracketing the compositions of alloys known to be acceptable. Those "standardizing" materials could then be used by the foundries to maintain their analyses in control.
At the time, chemists throughout the world were expected to develop and maintain their own lots of materials that could be used as benchmarks for calibrating or testing analyses. This p r a ct i c e could help with questions of laboratory internal consistency but shed little light on analytical disagreements among several laboratories. Methods were practically limited to those based immediately on first principles where standards could be physical. This still left open questions of completeness of separation, stoichiometry, purity of reagents, and other issues. Evaluating the accuracy of newly emerging instrumental methods would produce even greater need for certified reference materials to serve, first as accuracy benchmarks, and then as calibrators for quality assurance into the future.
The Bureau accepted the challenge and set to work -but not alone. In fact, this very first reference material project set a precedent for cooperative efforts that continue to this day. Included in that precedent is the idea that projects will be started only on demonstrated need and demand of the technical community. Furthermore, priority will be assigned to those projects where cooperation of the requesters is assured. This has helped the Bureau select worthy projects over the years. The cooperation has included provision or preparation of materials and contribution of data to the certification campaign. In the case of the first ever project, cooperation with the American Foundrymen's Association extended to all three of these aspects. The analytical work was carried out in several companies that were members of the Association, and the Association provided to the Bureau an industrial research associate to do the analytical work at NBS. The young chemist, John Cain, would become a full member of the staff, about twenty years later.
When the first project was completed in 1906, four materials were placed on sale together with their certificates of analyses to serve as the needed benchmarks. They consisted of bottles of cast iron chips which were labeled "Standardizing Iron Sample A," through "Standardizing Iron Sample D." Their worth was quickly realized in improved cast iron rail car wheels and an improved safety record for the railroads.
When the initial lots of materials were exhausted, they were replaced with new lots of nearly equal composition. Of course, the new lots were slightly different, thus new certification campaigns were required to provide new certificates of analysis. Also different was the labeling system. By the time the second lots were prepared, the cast irons were part of a larger program of reference materials, which by about 1910, had become known as "Standard Samples." "Standardizing Iron Sample B" became "Standard Sample No. 4a -Iron B." The numbers 3, 4, 5, and 6 were never assigned without the "a" designation, owing perhaps to the originals having been issued with letter designations. Standard sample numbers 1 and 2 had been assigned to other materials, so they were not available to the cast irons. Two of the original formulations of cast iron have been renewed at every exhaustion since. For Cast Iron C, there have now been 14 lots prepared over the past 95 years.
S Su uc cc ce es ss s I In ns sp pi ir re es s I Im mi it ta at ti io on n By 1911, the catalog of reference materials had grown to 25 entries, all in support of chemical analysis. More importantly, the interest of the Nation's chemists was growing too, with observation of the utility of the "Standard Samples" wherever they were available. Clearly more types of materials would be needed and they were on the way with the cooperation of the American C h e m i c a l Society, and later the P o r t l a n d C e m e n t Association, the Copper Development Association, and numerous other groups.
T Th he e E Ea ar rl ly y C Ca at ta al lo og g While the new concept of standard samples was sure to expand to many new types, that expansion did not produce a rational numbering system. From 1906 until 1910, numbers were not assigned and the term standard sample was not used. To help examine some of the materials comprising the first 100 certified, two tables are presented. In Table  1 , the initial 14 metal reference materials are listed, together with the designations of their first renewals. Table 2 lists other examples drawn from the first 100 standard sample numbers.
It is not clear that SS 7 Iron E was ever produced as a "Standardized Iron E." The earliest available certificate is for SS 7 without an "a" designation indicating that it may represent the first time the material was produced. Other metal standard samples were produced in the 1910 to 1912 time period, as is indicated in Table 2 . It is also interesting to note that the elapsed time before first renewal was typically only three to four years, indicating heavy usage.
It is not surprising that limestone was an early standard sample -it was useful as a refractory liner in metals production. The first material to be certified that was completely unrelated to metal production was sucrose as a calibrating material for polarimeters. "SS 2" was reserved for zinc ore as early as 1910, although the first archived certificate is dated 1919. Early additions to the catalog included primary chemicals to assist in calibrating titrations, and several standard samples for physical chemistry, especially for calibrating calorimeters and thermometers.
From the information in staff were redirected to the war effort, a precursor to the much larger dedication of personnel (approximately 4000) to supporting the military in World War II. Shortly after the first war, "SS 85" was reserved for the aluminum alloy "Duralumin" even though it was not certified until 1943.
A An n U Un ni in nt te en nd de ed d C Co on ns se eq qu ue en nc ce e o of f S Su uc cc ce es ss s i in n R Re ef fe er re en nc ce e M Ma at te er ri ia al ls s
The early work on Standard Samples at the Bureau had a profound impact on the later work of the agency. The U.S. Congress had initially seen the agency as being primarily dedicated to construction and maintenance of the physical standards of measurement. It seems quite clear that by looking at the earliest staff and their work of the Bureau (see Despite the initial lack of agency emphasis on materials efforts, the great success of the Standard Samples work weighed heavily in steering most of the growth of the new agency into the direction of solving practical material problems and, in some cases, using cutting edge instrumentation and methods. Later amendments to the agency's organic act recognized the Bureau's contributions to materials characterization and development, and by 1950 provided specific authority to certify and distribute reference materials as the leading U.S. authority.
L La au un nc ch hi in ng g D Do om me es st ti ic c I In nd du us st tr ri ie es s
Research at the Bureau occasionally provided initiative for the production of a new SRM, and very often provided the tools needed to certify materials with a reduced uncertainty.
There are also cases where the production of an SRM inspired the start of an industry new to the United States. A striking example of that occurred during World War I. Before that war, the Bureau was distributing standard samples of sugar for three important applications: calibrating saccharimeters; calibrating calorimeters used in measuring the heat content of fuels and for use in differentiating bacteria in medical laboratory tests. Germany was the source of the pure sugars that the Bureau characterized, certified, and sold.
When the war broke out and the materials were no longer available, the Bureau had to produce its own pure sucrose and dextrose. The German patents and production literature were written so obliquely to protect proprietary rights from other producers that reconstruction of the production processes required almost completely original research. The results were well worth the effort because the output was not only Bureau Standard Samples, but also the technology for producing low cost dextrose that launched a new domestic industry for American sugar producers and corn farmers. E Ea ar rl ly y C Co on nn ne ec ct ti io on ns s --L La as st ti in ng g P Pa at tt te er rn ns s
One of the most interesting aspects found in studying the early technical efforts of the Bureau is the degree to which they established enduring programs of reference material production. Some of these cases are so obvious as to require no further explication, for example the program in cast iron standard samples setting a 95-year-long pattern that lasts to the present. Some others are less obvious but no less interesting:
R Ra ad di io oa ac ct ti iv vi it ty y -In 1911 Marie Curie prepared, the first standard for activity as a sealed glass tube containing weighed amounts of radium and radium salts and characterized for its gamma ray count rate. The standard was accepted as an international standard and was maintained at the BIPM 1 France. A similar tube was prepared and calibrated with the one at BIPM for delivery to the Bureau in 1913, becoming our Nation's first standard for radioactivity. This would serve as the start of a program that would see the Bureau develop reference materials to accommodate every aspect of radioactivity measurement.
An interesting repayment occurred in 1921, for Mme. Curie's earlier generosity to the scientific community. By that time, she was in need of additional radium to pursue her investigations, but the material was too expensive for her resources. On hearing of her plight, a group of American women banded together and raised the funds necessary to purchase 1g of radium for Mme. Curie. The material was certified by the Bureau for purity and activity and was presented to the famous scientist by President Warren Harding.
Today, NIST has more than seventy radioactivity SRMs in the catalog. These cover a wide range of applications including certified activity for radiopharmaceuticals, alpha particle point sources, and gamma ray point sources.
A Av vi ia at ti io on n/ /N NA AS SA A -From the first days of aviation, NBS took an active part in developing the technology. Wind tunnels were quickly constructed to develop improved airfoils and a special laboratory building (the Dynamometer Building) was constructed to research the weakest link in the whole enterprise, the engines. Absolutely the highest power-to-weight ratio was needed and that meant higher compression and extreme demands on fuels. Reference materials were issued for isooctane and n-heptane to serve as quality controls for the emerging aviation fuel industry. Calorimetry reference materials were vital in designing the best fuels for piston, jet and rocket engines.
In 1915 the National Advisory Committee for Aeronautics (NACA) was formed, the Bureau had a leading place in the committee. The other agencies, including the Army and Navy, did not have aeronautical facilities, so the laboratory work fell to the Bureau. In late 1932, President-elect Roosevelt proposed folding NACA into the Bureau. That proposal was never carried out but in 1946, Hugh Dryden, one of the nation's top theoretical aerodynamisists, left the Bureau to direct all research at NACA. Subsequently he led the transformation of NACA into NASA in 1958.
Later, reference materials of many types contributed to aerospace development. Aluminum alloys, and high-strength alloys were needed for skins and airframes. High temperature alloys were needed for jet and rocket engine hot-section components. NDE (non-destructive evaluation) reference materials were needed for monitoring part reliability in service. Every reference material in support of electronics technologies has a carry-over application in aerospace.
In the mid-1980s, the Standard Reference Materials Program organized the certification campaign for the first commercialized material produced in space -a length standard at microscopic scale. Perhaps it was the long-term connections between the two agencies that gave NASA the confidence in NBS to carry out the novel project. The material certified was SRM 1960 Nominal 10µm Diameter Polystyrene Spheres (certified as 9.89µm ± 0.04µm). John Vanderhoff of Lehigh U. and Dale Kornfeld of NASA had teamed together to produce spheres in "Monodisperse Latex Reactors" aboard five missions in 1982 and 1983. The missions were STS 3-4 and STS 6-8, with the spheres for SRM 1960 being produced aboard the Challenger's STS 6 mission. After the Challenger disaster, George Uriano (SRM chief, 1979 (SRM chief, -1983 served as a Congressional staff member in the investigation of the tragedy.
F Fo or re en ns si ic c " "S Si ig gn na at tu ur re es s" " -Just as one could say that NASA was a Bureau spin-off, the same is true for the crime laboratory at the Federal Bureau of Investigation (FBI Most forensic signatures are not in handwriting. Perhaps more important are bullet lead markings, broken glass matching, breathalyzer tests, drugs of abuse in urine, and DNA profiling. Over the past 60 years, NBS/NIST has certified reference materials for all these signatures. P Pr ro ox xi im mi it ty y F Fu us se e/ /E El le ec ct tr ro on ni ic cs s -A major NBS contribution to the ordinance effort for World War II was the development of the proximity fuse that caused shells and bombs to explode at a predetermined point above the ground. By the 1950s, all such direct military work was transferred out of the agency. However, a great deal of the technical work associated with the fuses was to miniaturize and harden the associated electronic circuitry. The fundamental parts of that work stayed at NBS and stimulated the development of a number of SRMs.
Today, the SRMs related to electronics cover a wide array from the composition of solder alloys to the transmission properties of complex optoelectronic devices. Perhaps most basic are those for the conductivity and resistance of a variety of metals and especially silicon. Residual resistivity ratio SRMs are also available for silicon. Dimensional metrology is so critical to semiconductor manufacture quality assurance that NIST has developed photomask linewidth artifacts, such as SRM 475, for calibrating optical and scanning electron microscopes, and has developed a range of thin film thickness SRMs for ellipsometry.
H Hi ig gh hw wa ay ys s f fo or r a a N Na at ti io on n -When Dwight Eisenhower became president in 1953, one of his programs was to link every part of the Nation with a modern high-speed highway network, the Interstate Highway System. The Bureau of Public Roads at the time had no laboratory, so it funded significant levels of work at NBS, including efforts on Portland cement that would eventually be organized as the Concrete and Cement Research Laboratory. Field laboratories for testing concrete were maintained in San Francisco, CA; Riverside, CA; Denver, CO; Allentown, PA; and, Seattle, WA besides the main NBS facility at Connecticut Avenue and Van Ness Street, in Washington, D.C.
The quality of the roads constructed would rest in part on the accuracy with which the Portland cement was formulated to meet local gravel, temperature, and humidity conditions. NBS already had experience with Portland cement reference materials, so the highway program provided need and opportunity to expand the SRM catalog with more than a dozen new offerings for cement composition, particle size, and rheology.
C Co on ns su um me er r P Pr ro ot te ec ct ti io on n/ /H He ea al lt th h -While the Bureau has produced many services and publications of interest to consumers, it has never been primarily a consumer products laboratory. Indeed, if described beyond being a metrology laboratory, the more comfortable niche would be as an industrially-oriented laboratory. When the Consumer Product Safety Commission (CPSC) was formed in the 1960s, it had no laboratory and depended entirely upon NBS for laboratory support. During the 1970s, the level of work had increased sufficiently that CPSC could start its own laboratory with the help and transfer of many NBS staff members.
What remains at NIST today are the complex metrology issues associated with healthrelated measurements in such areas as the environment, clinical chemistry, pharmaceutical measurements, food labeling, and nutritional studies. The general SRM categories for these are listed in Table 7 . For these fields, NIST has excelled in providing hundreds of well-selected and characterized SRMs. Environmental natural matrix materials are covered with a wide variety of solids, liquids, and gases being covered for both inorganic and organic constituents. After the war, breakthroughs in the fields of electronics, polymer research, and the spread of spectrometric instruments brought new demands for reference materials. By the 1950s, special hydrocarbon blends were available for calorimetry and Standard Samples were being certified for such properties as pH, melting point, and radioactivity. New high temperature and super strength metal alloys were needed to meet the demands of innovations in jet aircraft and rockets.
The 50s and 60s saw an acceleration of efforts to certify reference materials with 582 types available in the catalog in 1969. It was during this period that the Bureau began to transfer some of its efforts in reference materials to other institutions. This will be discussed in more detail in the section: "Closing the Cycle." During the 1960s, NBS realized that SRMs 2 were becoming increasingly important to industry and that industrial demand would continue to grow. The Bureau also recognized the potential contribution SRMs could make in solving measurement problems in emerging areas of national need such as clinical and environmental chemistry.
To appreciate the place and importance of SRMs in the work of the Bureau at the midpoint of its centennial requires a closer look at events impacting the agency around the middle of the 20th century. and 1952. Eventually, the agency would recover from these two blows with a firmer resolve and an even stronger sense of mission. Before that happened, two directors would face disgrace and the budget would suffer serious decline. One of the strongest elements of the Bureau's program was its standard samples activity, and we will see how it was a major contributor to restoring both fiscal and public relations health to NBS.
Edward Condon, fourth director of NBS, was perhaps its most eminent director in terms of scientific achievement. He was a noted theoretician with great insight in atomic and nuclear physics, and provided great service to the Nation during World War II. Prior to leading NBS, he worked at Los Alamos on development of the bomb and served with Chairman Lyman Briggs (third NBS director) on Committee S-1 to directly advise President Roosevelt on atomic and nuclear issues, including the decision to build the atomic bomb.
After the war, he continued to advise President Truman and the Congress. As part of that advice, he strongly advocated the formation of the Atomic Energy Commission to move control of nuclear activities from the military to the civilian sector. He became a spokesman for peaceful uses of the atom to benefit the whole world. Neither of these positions were popular with the military, which had a strong post-war victory standing, or with the House Unamerican Activities Committee. In 1948, that committee charged Condon with being a risk to National security. No charges were ever proved, but the committee denied the director opportunity to address the charges and he left NBS in 1951 to become the director of research at Corning Glass. In all, it was one of the sadder episodes of "witch hunting" seen in our country.
The second turmoil also began in 1948 but it peaked in 1952, thus impacting the fifth director, Allen Astin. This cloud over the Bureau arose from the assignment to test many kinds of commercial products. One of these, a battery additive named AD-X2, was found by NBS to be ineffective. The two episodes could only adversely affect the budgets from 1952 through 1956. More than 90% of NBS funding during the war years was from defense sources and that was being reduced in peacetime. Turmoil had struck just when it was not needed. Table 4 provides a snapshot of the seriousness of the situation. In reading the table, it is important to note that the budget process is slow and usually follows impacts by about two years. and, the value of the standard samples program. The Kelly Report contained ten recommendations that are grouped into three categories and presented in Table 5 , with the numbers indicating the sequence of the recommendations as found in the report.
It would be overreaching to say that NBS Standard Samples rescued the Bureau at the century's mid-point, but it would be fair to say that they had made a very impressive mark and again had a prime role in shaping the Bureau's new mission. New emphasis was given to moving the development of standard samples beyond chemistry alone. The new approach started slowly. Then, in 1964, the Office of Standard Reference Materials was established and given the responsibility for directing all SRM activities. Table 6 Through the 1970s, the program had its most productive decade in terms of the development of both numbers and types of SRMs. Over 600 new SRMs were certified during that period and about 250 were discontinued. By 1979, 1,060 types appeared in the catalog. Typical of the research activity into new SRM types in this period was a whole array of environmental natural matrix materials certified for inorganic constituents. Leading the list, and arguably the most important materials of their era, were SRM 1571 Orchard Leaves, SRM 1645 River Sediment, and SRM 1648 Urban Particulate Matter. John Taylor directed the certification of these materials. The river sediment was prepared from material dredged from the Indiana Harbor Canal, near Gary, Indiana. Heavily loaded with toxic metals the material served as the initial benchmark for environmental studies in the field. It is also important to note from an analytical perspective, that these were the first environmental matrix materials to receive extensive application of the new isotope dilution mass spectrometry method developed by NBS and which was also used to good effect in the certification of SRM 909 Human Serum.
During the 1980s, the many advances in inorganic environmental reference materials were extended by the addition of SRM certifications for organic analytes of environmental health concern. Some of these included PCBs in human serum, in oil, and in sediments. Also made available were SRMs with certified values for a variety of forms of dioxin, polynuclear aromatic hydrocarbons, halocarbons, chlorinated pesticides, and other priority pollutants.
Food-based SRMs began coming into the inventory in the 70s and 80s, with the introduction of such materials as wheat flour, rice flour, and freeze-dried bovine liver, oyster tissue, and spinach leaves. The SRM efforts toward better coverage of food types really have seen the most progress in the 1990s, with work being dedicated to certifying mixed diet food materials, infant formula, and individual foodstuffs for vitamin content. Efforts along these lines are sure to continue into NIST's next century.
T To od da ay y' 's s C Ca at ta al lo og g As impressive as is the history of SRM production and certification, perhaps even more impressive is the work summarized in the current catalog and in the work program for future certification. Table 7 provides the category names that cover the approximately 1400 SRMs and other reference materials available in the current SRM catalog, available under the NIST home page on the World Wide Web as well as in printed form.
Wide dissemination of information on availability, including exhibits at 5 to 10 conferences each year, helps the program distribute more than 35,000 units of material to about 10,000 c u s t o m e r s . Approximately one-third of each year's sales are delivered abroad.
C Cl lo os si in ng g t th he e C Cy yc cl le e As many types of reference materials matured and NIST interests turned to other technologies, efforts have been made to find institutions willing to receive transfer of the materials and responsibilities. This is essential to permit reallocation of scarce resources to fund new efforts.
During the 1950s and 60s, some of the first of these transfers began to take place. The extensive hydrocarbon blend project was transferred to the American Petroleum Institute. Color and fading SRMs were transferred to the American Association of Textile Chemists and Colorists, and viscosity materials went to Carnegie-Mellon University. During the 1980s, in part for security reasons, the SRMs for uranium and plutonium were transferred to the New Brunswick Laboratory of the US Department of Energy located at Argonne National Laboratory. At the beginning of the 1990s, NIST was closing out its work on rubber compounding so about a dozen types of rubber compounding SRMs were transferred to ASTM. These are a few of many examples of "passing the baton" on reference materials that NIST can no longer support.
Not all the transfer efforts have involved actual movement of the materials. Most of the metal materials that have figured so heavily in the early development of the Standard sample and SRM programs, have remained at NIST, but much of the certification effort on renewal lots is only undertaken by laboratories organized in cooperation with ASTM. It is highly likely that the trend will be for NIST to continue to seek partners in industry, universities, or other government agencies to provide homes for SRMs and RMs being closed out at NIST.
B Be en ne ef fi it t/ /C Co os st t
The annual cost each year for all types of measurements in the United States is counted in the hundreds of billions of dollars. A small view of the scale and vigor of the activity in analytical chemistry alone is seen each year at the Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy where about 30,000 conferees gather, representing perhaps a tenth of their colleagues working in the field. Those who have attended this conference for many decades will recognize the many changes in the field that have brought significant improvements in effectiveness and efficiency to most types of chemical analysis. The driving forces behind these changes have included the rapid and far-reaching development of instrumentation, the improvement of It is not hard to calculate that an SRM contribution to measurement improvement, even as small as 0.1%, would save companies who measure hundreds of millions of dollars each yeareasily justifying the approximately $10 million spent annually to buy SRMs. Client demand for ever increased numbers of types provides a qualitative indicator of the program benefits. The demand requires careful prioritization for it greatly exceeds each year's SRM budget. Table 8 summarizes the approximate number of SRM types available at ten-year intervals. The table data are not exact, as no hard data were recorded for most of the intervals. However, several sources have been studied and the values are probably dependable with an uncertainty of less than 10% of each value. Reasons for the ambiguity include discontinuation of SRMs (with perhaps 1000 types having been discontinued over the history of the program) and an uncertain number of materials listed in catalogs being out of stock at a given time. Additionally, SRMs have not been numbered sequentially, complicating historical counts.
What is harder to quantitate is the social contribution made by SRMs. In a study by the Research Triangle Institute on the economic impact of SRMs for sulfur in fossil fuels, three economists led by Sheila Martin determined that the group of SRMs had a benefit/cost ratio of 113, and a social rate of return of more than 1,050%. Similar conclusions have been reached at other times and in other studies with regard to a variety of SRMs. While not as quantifiable, there are major benefits to people dependent on good clinical measurements; for example, the child whose epileptic seizures are better controlled by measurements improved with SRMs. In another example, cholesterol measurement uncertainties have been reduced from 20% in the 1970s to 5% in the 1990s, again with the help of SRMs. It is clear that customers' demands for more and better SRMs are unrelenting. Despite the common complaint "SRMs cost too much," customers continue to buy them in quantities adequate to fund future certification programs. 
C Co on nc cl lu us si io on n
The aim of this brief account has been to highlight a few of the many contributions that NBS-NIST has made to the world through the certification and distribution of reference materials. The selection of examples cited only begin to probe the surface and cannot do real justice to the program in its entirety over almost 100 years. Many chemists will, however, relate to the great feeling of success that comes when analyzing an SRM from NIST and obtaining the certified values or discovering a disagreement, thereby preventing the propagation of an error! Standard Samples and SRMs have been among the most widely known and distributed measurement artifacts of all the NBS/NIST contributions, with several million units having been circulated in the first 100 years. Few are the scientist around the world who have not heard of SRMs and the value they provide for validating a method or calibrating an instrument. By promoting and sharing the ideas and technologies of reference material development, the Bureau has been a good neighbor in the world community.
Standard Samples and SRMs have represented some of the finest efforts produced by NIST. By successfully solving material-related problems and bringing attention to those successes, the work on reference materials has had a major effect on the development of the early Bureau's selection of work programs and ultimately its character as a worldclass metrology organization. It has been an exciting century for the field of reference materials in support of analytical chemistry and the other sciences. Perhaps it will be seen in another 100 years as a worthy introduction to the even greater things that are yet to come for NIST SRMs.
For those inclined to speculate about the future, a few of the author's notions are tabulated in Appendix C. The only certainty about them is that they are uncertain. They are most likely to be seen in retrospect as too conservative.
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